We have demonstrated a surface plasmon polariton mediated optical Moiré effect by inserting a silver slab between two subwavelength gratings. Enhancement of the evanescent fields by the surface plasmon excitations on the silver slab leads to a remarkable contrast improvement in the Moiré fringes from two subwavelength gratings. Numerical calculations, which agree very well with the experimental observation of evanescent-wave Moiré fringes, elucidate the crucial role of the surface plasmon polaritons. The near-field Moiré effect has potential applications to extend the existing Moiré techniques to subwavelength characterization of nanostructures. © 2007 Optical Society of America OCIS codes: 240.6680, 120.4120, 050.1970. The Moiré effect is a well-known phenomenon that occurs as a result of the superposition of two periodic or quasi-periodic structures.
The Moiré effect is a well-known phenomenon that occurs as a result of the superposition of two periodic or quasi-periodic structures. 1 The "frequency-mixing" picture from Fourier theory is typically used as an interpretation. 2 Since the effect is extremely sensitive to the slightest displacement or distortion, techniques based on the Moiré effect have found numerous applications in metrology, strain analysis, and optical alignment. [1] [2] [3] For simplicity without loss of physics, we consider two superimposed one-dimensional periodic gratings with periods ⌳ 1 and ⌳ 2 . Under a plane-wave illumination, the diffraction modes must satisfy k ជ diff ͑m,p͒ = k ជ inc + mk ជ 1 + pk ជ 2 , ͑1͒
where k ជ inc and k ជ diff ͑m,p͒ are the incident and diffracted transverse wave vectors, respectively; k ជ 1 = n ជ 1 2 / ⌳ 1 ; k ជ 2 = n ជ 2 2 / ⌳ 2 ; and m and p are the diffraction orders of the first and the second grating, respectively. The Moiré fringes can be observed in the far field if at least one of the propagating waves carrying information from both gratings (i.e., ͉k ជ diff ͑m,p͒ ͉ Ͻ nk 0 , both ͉m͉ and ͉p ͉ Ն 1) is diffracted by the system inside a medium with a refractive index n. In the conventional far-field optical Moiré effect, the distance between the gratings is usually large (i.e., ӷ wavelength), the diffractions from each grating in Eq. (1) are limited to the propagating wave. Evanescent waves do not contribute to the Moiré fringes because their field amplitudes decay rapidly away from the grating's surface. Therefore, the grating periods ⌳ 1 and ⌳ 2 cannot be subwavelengths of the illumination light.
However, there is a great deal of interest in utilizing the Moiré technique for nanostructure characterization. The diffracted evanescent field from a subwavelength grating is a physically existing field but is confined to the near field (i.e., a fraction of the wavelength) of the grating surface. If a second subwavelength grating is brought to the near-field of the first, the diffracted evanescent waves from the first grating will interact with the second grating. The generation of Moiré fringes in the far field occurs if the mixed spatial frequencies lie in the propagating band. For instance, it can be seen from Eq. (1) that propagating k diff ͑m,p͒ can result from the diffraction processes m = 1 and p =−1 if ⌳ 1 and ⌳ 2 are both subwavelength but with a small difference. Since this effect is due to the evanescent frequency mixing in the nearfield, we can call it the near-field Moiré effect. Note that we refer to evanescent-wave Moiré fringes to emphasize the point that, although the fringes are visible in the far-field, they arise due to frequency mixing of the evanescent waves. Because the evanescent waves decay rapidly away from the surface, the contrast of evanescent-wave Moiré fringes is typically much weaker than that of the conventional ones. We propose a new scheme to significantly increase the contrast of the evanescent-wave Moiré fringes by inserting an evanescent-wave enhancer between the two subwavelength gratings. Both numerical simulation and experimental results provide strong evidence for the effectiveness of our proposal.
The central concern in improving the contrast of evanescent-wave Moiré fringes is to find a way to enhance the evanescent field between the two subwavelength gratings. Surface plasmon polaritons (SPPs), which are collective free-electron resonances at a metal/dielectric interface, provide a well-known mechanism for the enhancement of the local electromagnetic fields. 4 This field enhancement has found many applications, including surface-enhanced Raman scattering, [5] [6] [7] surface-enhanced harmonics generation, 8, 9 surface plasmon enhanced light emitters, 10 and most recently subdiffraction-limited imaging with a silver superlens. [11] [12] [13] [14] We now apply this SPP enhancement mechanism to increase the contrast of evanescent-wave Moiré fringes by inserting a metal slab between the gratings as shown in Fig. 1(a) . To gain enhancement with a broadband of wavenumbers by applying this enhancement mechanism to the near-field Moiré effect with various gratings, the metal slab has to be designed as a superlens, [12] [13] [14] which means ͉⑀ m ͉ ϳ͉⑀ d ͉. Under this condition, evanescent waves in a large bandwidth of wavenumbers can be coupled with the SPPs and consequently profit from the resonant enhancement.
We found an optimum of large and broadband enhancement with a 35 nm thick silver slab as shown in Fig. 1(b) . The excitation was p-polarized light at 376 nm, and the refractive index of the surrounding medium was 1.52. Clearly, significant enhancement is obtained from 2k 0 up to 6k 0 . The optimum thickness of the silver slab is mainly determined by the working wavelength and the refractive index of the surrounding medium. In addition, it also may vary due to the silver film quality and the targeting enhancement wave-vector band, but a typical good thickness is about 30-50 nm. Evanescent waves diffracted by the first grating can be coupled with the SPPs and transmitted efficiently through the silver film. In this way, large amplitudes of evanescent waves reach the second grating and can finally be diffracted into the propagating wave with enhanced efficiency. As a result, the near-field Moiré effect should be considerably improved.
Numerical simulations were performed using a commercial software package (Microwave Studio). Chromium and silver gratings were used to represent the first and the second gratings with 120 and 150 nm periodicity and 40 and 55 nm thickness, respectively. The Drude model, ⑀ r ͑͒ = ⑀ ϱ − p 2 ͓͑ − iV c ͔͒ −1 , was used to describe the permittivities of both chromium and silver, where the parameters, ⑀ ϱ = 3.2, p = 2.2ϫ 10 16 rad/ s, and V c = 3.8ϫ 10 15 rad/ s for chromium and ⑀ ϱ = 6.0, p = 1.5ϫ 10 16 rad/ s, and V c = 7.73ϫ 10 13 rad/ s for silver. Figure 2(a) shows the simulated total electric field intensity transmitted through the two superimposed gratings without the silver slab. The distance between the gratings is 70 nm, and the excitation wavelength is 376 nm in vacuum. Because both gratings are subwavelength, no Moiré fringes arise from propagating waves. The evanescent waves generated by the first chromium grating decay before they meet the second silver grating, resulting in a very weak evanescent-wave Moiré fringe contrast. The relatively strong background originates from the directional zero-order propagating wave transmission through both gratings. With a reduced distance of 35 nm between the gratings [ Fig.  2(b) ], Moiré fringes start to appear but still with a weak contrast. After inserting the 35 nm thick silver slab, even though the distance between the bottom silver surface and the top surface of the chromium grating is kept at 35 nm, the Moiré fringe contrast is dramatically improved as shown in Fig. 2(c) . Further analysis shows that this enhancement is only seen for p-polarized waves [ Fig. 2(c) ] and not for s-polarized waves [ Fig. 2(d) ]. Since only p-polarized waves couple to SPPs, this supports the aforementioned interpretation.
To experimentally confirm the enhanced near-field Moiré effect with a silver slab, we fabricated a sample comprising two subwavelength gratings and a silver slab between them. The sample fabrication process started with a chromium film deposition on a quartz wafer; a focused ion beam (FIB, Strata 201XP) was then used to etch periodic slits through the film to serve as the first grating. A planarized 35 nm thick polymethyl methacrylate (PMMA) spacer layer 14 was coated on top of the chromium grating, followed by deposition of a 35 nm thick layer of silver. The second silver grating was obtained by electron-beam lithography and another 55 nm silver film deposition pro- cess. We varied the period of the first chromium grating and fixed the second at 150 nm. The whole sample was finally coated with a thick PMMA protection layer. Fig. 2(c) , all three Moiré fringes have very good contrast. For comparison, we also did a control experiment using s-polarized illumination. No visible fringes were observed from any of the three samples (data not shown here). Without exciting surface plasmons, s-polarized evanescent waves suffered strong decay between the two gratings, so the Moiré fringe contrast significantly diminished. This is also in agreement with the simulation result shown in Fig. 2(d) .
As in the conventional Moiré effect, the near-field Moiré effect can also be explained using a frequencymixing picture [ Fig. 3(d) ]. The wave vector of the measured fringes is equal to the wave-vector difference between the two gratings, which is the only one propagating from the frequency mixing. In addition, the small misalignment angle ␣ between the two gratings is greatly amplified in the Moiré fringe angle, ␤ Ϸ 11°, relative to the gratings, as shown in Fig. 3(c) . The original misalignment angle ␣ can be deduced ͑␣ Ϸ 0.7°͒ from the wave-vector diagram in Fig. 3(d) . It is very important to notice that there is no restriction of grating size as with the conventional Moiré effect. The use of the silver film greatly enhances evanescent waves by the excitation of SPPs, leading to large contrast that can be observed in the far field. As a result, conventional Moiré techniques can be practically extended for characterization of subwavelength structures.
In summary, we have demonstrated a method to greatly improve the contrast of optical evanescentwave Moiré fringes. It was achieved by inserting a silver slab between the two subwavelength gratings, which can enhance the evanescent field by SPP excitation. Both numerical and experimental results confirm the remarkable enhancement of the Moiré fringe contrast. This enhanced near-field Moiré effect has the potential to adapt many of the existing Moiré techniques to subwavelength structures, such as defect detection in semiconductor devices and ultrahigh-resolution alignment in nanoimprints.
